This study presents a simple interatomic bonding model for disordered A2 and B2 crystal structure. The model consists of an atom-like sphere and eight polar bars attached to its surface. Every bar has a polarity and can only attract a bar of the opposite polarity. Each bar is oriented from the surface of the sphere to a vertex of the cube, of which the sphere is placed in the center. A motif is defined as a combination of polarities on the eight bars, the total of which is 256 although a number of them are identical after rotation and/or inversion. Only 13 motifs classified by point groups are found to be unique by point symmetrical operations. In addition, an A2-like crystal structure is formed by connecting the bars between the models and filling the space. Four bonding patterns are found to configure the space of models with unique motifs according to symmetrical operations between the motifs of the center and neighbor atoms. Each crystal structure includes several kinds of point symmetry, and each shape memory binary alloy (SMBA) can be connected to the motifs on the atomic model via crystal structure and point symmetry. The results reveal the potential structure of the electron population distribution of each element in an SMBA that could be compared with ab initio calculations.
Introduction
A phase transformation of metals or alloys that is wrought by a heat treatment develops a desirable mechanical characteristic. The martensitic transformation is one such famous transformation without diffusion, causing the shape memory effect in shape memory alloys such as Ni-Ti, Cu-Al. These crystal structures of austenite (parent) and martensite (child) phases before and after the transformation have been investigated using X-ray diffraction and/or TEM observations by many researchers. Especially the shape memory effect on the Ni-Ti alloy which is the most famous SMBA is almost revealed. Otsuka and Ren reviewed many papers for the discussion (1) . They suggested some problems in this field, e.g., "Is there a common microscopic origin for all martensitic transformation?" We are interested in the question; "Relationship among electronic structure, phonon anomalies, and the competing martensite structures". One of approaches for solving requires symmetry analysis to the consideration of crystal transition between parent and child. Barsch (2) considered the symmetry transition of crystals under phase transformations in Gold-Cadmium and Titanium-Nickel alloys on the basis of Landau's theory. The child phase appeared to inherit point symmetries from the parent phase in the transformation of Ti-Ni alloy, which is a well known crystal structure transition from B2 (in the Strukturbericht designation) at the parent phase to B19' at the child phase via the R-phase. In addition to shape memory alloys, Cayron (3) presented a general method that determines whether two child variants can be inherited from more than one parent crystal according to the group theory. This study has led to the understanding and exploitation of a number experimental diffraction results by electron back-scattered diffraction and transmission electron microscopy (TEM). However, there have been a few studies on the transition by the symmetry between parent and child.
One of the authors had reviewed many papers related to shape memory effect and found the 30 binary alloys that exhibit the shape memory behavior and get the results as follows (4);
1. All of the parent phases in SMBAs are cubic crystal structure. 2. The parent phases in SMBAs are B2, A2 (BCC), or A1 (FCC) crystal structures. 3. The symmetry structures of the crystals at child phase are lower than those at parent phase. 4. Almost famous shape memory alloys also are B2 or disordered A2 structure at the parent phases. Especially related to #3, a cubic at parent phase transforms to orthorhombic, monoclinic, trigonal, or tetragonal at child phase shown in Table 1 . Since the shape memory and pseudo-elasticity effects are already known to be induced by the transformation of crystal structure between parent and child phases, it would be worth to reveal the mechanics of the transformation. And we need to consider the reason why even the same cubic structures transform to different syngonies due to the elements that the alloys included.
The authors (5) had presented a simple interatomic bonding model that caused by the oriented bonding for the BCC structure because many shape memory binary alloys (SMBA) have B2 crystal structure, which is a BCC-like structure with two elements, at the parent phase. An atom in the model could have eight polar bars and would be connected through the hetero polar bonding each other. The poles of the bars on a surface of an atom should generate a polar motif. There were 256 motifs by the combination of the poles and 12 unique ones were extracted from the motifs by the algorithm. And also the bonding patterns that were made using by only one or two kinds motifs in the unique ones and fabricated to fill space for crystal were discussed and then the numbers of them were four. Although the patterns were estimated to the SMBA through structure in the next step, the relationship between the SMBA and the models by unique motif had not fully investigated.
In this study all of the motifs of that model are fully studied using the interatomic bonding model based on point group theory and then the unique motifs are reconsidered. And then the point symmetry of the unique motifs is bound the crystal structure of each SMBA in martensite phase through its structure and the interatomic bonding patterns of each SMBA are estimated.
Interatomic bonding model with unique polar motif

B2 for SMBA
From the data presented by Notomi et al. (4) , a renewable list of SMBA crystal structures was made for the focus of our discussion on the B2 and A2 crystal structures and shown in Table 1 . There are eleven and seven SMBA with B2 and A2, respectively, at the parent phases. In the table there are several differences from Notomi's one that is the parent phase of Al-Ni is a semi-ordered B2 phase such as A2 according to Rosen and Goebel (5) and the child phases of Ru-Nb and Ru-Ta are orthorhombic according to Das and Lieberman (6).
Interatomic bonding model
Numerous metals have the FCC crystal structure. This structure can be represented by a hard sphere model that postulates interatomic bonding for spherical symmetry (7) . If a material forms NaCl structure, its bonding would be ionic. In the case of ionic bonding the exact structure of three-dimensional crystal is determined by the optimal use of space for the given ionic radii, and by the condition that the Coulomb attraction between oppositely charged ions (8) . The bonding of A2 and B2 crystals is more oriented conversely. The center atom in the unit cell shown in Figure 1 (a) connects to eight atoms passing by eight separate bars that mean coordination number eight. It is assumed that each bar has two virtual poles on each side, akin to north and south poles or positive and negative ions. We named one virtual pole as X and the other as Y. If a bar is an X-pole, it attracts a Y-pole and repulses an X-pole. For simplification, the probability density of an electron based on quantum mechanics will be ignored in this model. A virtual interatomic bonding model such as that involving ionic bonding is then applicable to this study. Hence, a sphere with eight virtual polar bars, such as that in Figure 1 (a), is defined as the interatomic bonding model for B2 and A2. The combination of the polarity of the eight bars is defined as a motif. There are 256 motifs according to the combination of two kinds of polarity in eight directions. In addition, there are nine polar ratios of X-to-Y, i.e., zero-to-eight, one-to-seven, two-to-six, three-to-five, the inverse of these four ratios, and four-to-four. Ag-Cd Figure 1 is identical to motif (a) because the former can be overlaid on the latter if it is rotated 90° around the axis drawn in Figure 1 (b). In fact, there are a number of duplicates among the 256 motifs. Therefore, we need to divide up all motifs into several groups, each of which includes only motifs that can be overlaid on each other by a number point symmetry operation. This means that every motif in a group can have the same symmetrical operators. As the B2 crystal structure resides in a cube, there exist the symmetry operators I, II, and III for each axis and an inversion center IV (Figure 2) .
I.
With the axis of body diagonal of the cell, twofold rotation, twofold inversion-rotation, fourfold rotation, and fourfold inversion-rotation yield 12 symmetry operators. II.
With the axis inside the cell through the two vertices, threefold rotation yields four symmetry operators with four axes of this type. III. With the horizontal axis inside the body through two midpoints on the sides, twofold rotation and twofold inversion-rotation yield 12 symmetry operators with 6 axes of this type. IV. Inversion constitutes one symmetry operator. Hence, there are 29 symmetry operators for checking the overlay of motifs. A representative motif selected from a group is called a unique motif. Consequently, the 13 unique polar motifs shown in Figure 3 were found. In the figure, the motifs are arranged in order of the degree of symmetry with low Roman numerals indicating the highest symmetry; the symbols in the parentheses indicate the point group of the motifs. Motif I, which has only one kind polarity, has the highest symmetry, identical to that of cubic geometry. A number of other motifs have lower symmetry, e.g., monoclinic, orthorhombic. The polar ratio of unique motif I is zero-to-eight. Those of the other unique motifs are shown in Table 2 . Motif X has the same point symmetry as motif IX. Motif XIII has two combinations of bars that cannot overlap with each other without a mirror symmetrical operation despite having all of the same point group operators. 
Bonding patterns
The configuration of atoms in the unit cell for B2 is the same as that for A2, except for the inclusion of two elements rather than one. In the unit cell of B2, the eight neighbor atoms arranged around the central atom are all the same element, which is different from that of the central atom. It was already assumed that only a heteropolar combination causes attractive bonding. In addition, a unique polar motif might correspond to one of the elements because the interatomic bonding in a metal crystal might be inherent to one of the elements. In contrast, several elements might have the same unique motif because it is too simple of an atomic model for B2-and A2-type configurations to distinguish all of the elements using only unique motifs. Consequently, the B2 and A2 structures can be formed to fill the models using one and two kinds of unique motifs in the space, respectively. The disordered A2 structure can be formed to fill the models using one kind of unique motif even though the structure requires two elements because both motifs are identical. This procedure assumes that each sum for the number of X-poles and Y-poles of a center and a neighbor motif is eight. The formation of an atomic model with unique polar motifs is then defined as a bonding pattern. Figure 4 shows an example of a center-neighbor bonding pattern using a model with motif III and its inversion. The combination of bars for bonding is always the pair of X-pole; black one and Y-pole; white one; it can be seen that models with the two kinds of unique polar motifs fill the space according to this pattern. Constructing crystals based on the conditions above can reduce the bonding patterns to the four defined as follows ( Table 2) . 
AA pattern
In the AA pattern, bonding patterns can be composed of one kind of unique motifs. In this case, are no directional changes between the center and neighbor polar motifs in the patterns. In other words, the motif of the center atom can be overlaid on that of the neighbor atom simply by its translation. The polar ratio of the AA pattern is four-to-four. Figure 5 shows an example of the AA pattern in which a polar bonding between the center atom and its neighbor atom is depicted using a model with motif II. A model with motifs IV and VIII also form this type of structure for the AA pattern. The AA pattern could be composed of just one kind of unique motif. Therefore, the pattern can be a moderate model for A2 as well as a model for disordered A2. However, it cannot be a model for B2 because it hardly retains the center-neighbor atomic regularity for B2．
AA' pattern
In the AA' pattern, bonding patterns can be composed of one kind of unique motif. The motif of the center atom can then be overlaid on one of the neighbor models by its rotation or inversion. Figure 6 shows an example of the AA' pattern in which a polar bonding between the center atom and its neighbor atom is depicted using a model with motif V. The motif of the center atom can be overlaid on that of the neighbor atom simply by rotating it 90° around the vertical axis of the center atom in this figure. Motif XII also forms this pattern even though the motif of center atom can be overlaid on that of the neighbor atom by its inversion. The polar ratio of the AA' pattern is four-to-four. Like the AA pattern, the AA' pattern can be also a model for A2 and disordered A2 structures because it is composed of one kind of unique motif. 
AA'' pattern
The AA'' pattern, which is made of only motif XIII, is the last pattern using the atomic model with a motif by the polar ratio of four-to-four. This motif of the center atom is asymmetrical to that of the neighbor atoms. This means that the motif of the neighbor atom cannot be overlaid on that of the center atom solely by its translation, rotation, and/or inversion. Figure 7 shows an example of an AA'' pattern in which a polar bonding between the center atom and its neighbor atom is depicted using a model with motif XIII. It might be assumed that two elements are necessary for constructing a crystal structure with the AA'' pattern because the atoms of only one element hardly preserve both a motif and the asymmetric motif. Moreover, it is difficult to substitute a neighbor atom for the atom with the motif as the center atom. The pattern can then form a more ordered structure constructed by two elements (i.e., B2). Figure 8 shows an example of the AB pattern in which a polar bonding between the center atom and its neighbor atom is depicted using a model with motif IX and its polar inversion. Models with motifs I, III, VI, VII, IX, X, and XI also form this type of structure, and none of these models have a polar ratio of four-to-four. The motifs of the center atom in all unique motifs can be overlaid on those of the neighbor atom by their polar inversions. This difference in polarity between the center and the neighbor atom requires two elements for forming the structure by this pattern. Therefore, the AB pattern can be a model for B2 as well as for ionic crystals (not discussed here).
AB pattern
Discussion
Point group of martensite phase
We will attempt to classify the SMBAs into a number of groups using the center-neighbor bonding patterns and subsequently the point symmetries of unique motifs. According to the physical nature of entropy (9), The center-neighbor bonding patterns reflect the degree of order-disorder for atomic arrangement. As mentioned previously, the AA and AA' patterns could induce less-ordered arrangements, i.e., form more disordered A2-type structures. It is reasonable to suppose that the six SMBAs with disordered A2 structures at the parent phase among the SBMAs listed in Table 1 are classified as the AA or AA' pattern group. On the other hand, The AA'' and AB patterns could induce more ordered arrangements, i.e., form more B2-type crystals. Hence, the 11 SMBAs that form B2 at the parent phase, B2-type are the AA'' or AB pattern.
A crystal with cubic geometry such as m 3 m usually has the highest symmetry among the point groups. Even if the unit cell is cubic, however, the point symmetry decreases because of the polarity. In fact, the point symmetry for all unique motifs except for motif I are lower than that for m 3 m, given the polar bars and point groups of unique motifs shown as symbols in parentheses in Figure 3 . When all SMBAs transform from a parent phase to Fig.8 Polar bonding between a center and one of the neighbor atoms by motif I and its polar inversion in the AB pattern Fig.7 Polar bonding between a center and one of the neighbor atoms by motif XIII in the AA" pattern child phase with decreasing temperature, the crystal structure and point group symmetry change. For example, the structure of the Ni-Ti alloy changes from cubic to monoclinic; simultaneously, the symmetry changes from m 3 m to m. Given that each crystal structure of SMBA at the child phase may be affected by the interatomic bonding between the atoms at its parent phase, the motif of the atom in this model accounts for the intrinsic crystal structure at the parent phase. Hence, we connect the potential structure, which is a hidden structure at the parent phase before the transformation, of SMBAs with the B2 and A2 crystal structures at the parent phase to the unique motifs through the data by structure and point symmetry. For example, Cu-Al, Ni-Al, and U-17Nb have the A2 structure at the parent phase and the 4mm point group in tetragonal structure at the child phase. Motif IV forms the AA pattern for A2-type structures and has the 4mm point group; therefore, the potential interatomic bonding at the parent phase of the three alloys must be achieved with motif IV. In a similar evaluation, the potential interatomic bonding at the parent phase of Ti-Nb and Ti-Ta must be achieved with motif V; the other combinations are shown in Table  3 . The potential motif of B2-trigonal and B2-monoclinic alloys could not be evaluated because there are several candidates that require further consideration.
Electrochemical factor
Electronegativity, which is calculated based on bond energies, refers to the potential of an atom to attract electrons. The electrochemical factor can be defined as the quantity margin of electronegativity between the elements forming an alloy. The greater factor is the tendency for the two elements to form compounds rather than extensive solid solutions, as suggested by Cottrell (10) . Figure 9 shows the electrochemical factors of SMBAs calculated based on data by Emsley (11) . From the results, the B2-type alloys generally have larger electrochemical factors than the A2-type alloys. In the B2-monoclinic group, the Zr-Rh and Cu-Zr alloys have larger factors than the Ag-Zn and Cu-Zn alloys. The atomic model of the former alloys might be classified as motif XI given the AB pattern. The AB pattern is more capable of forming a compound than the AA'' pattern because of the differences between each element. The later alloys might then be classified as motif XIII because of the AA'' pattern. The Ti-Ni alloy will be discussed next. Fig. 9 Electrochemical factor of elements in shape memory binary alloys
Valence ratio
The ratio of the number of Y-poles to that of X-poles could be representative of the valence of the atom with the motif; this could be regarded as the valence ratio, which is the value calculated by dividing the number of outer-shell electrons of the element in the alloy by that of the other element. The valence ratios of motifs III, VI, and VII are 0.33, 0.14, and 0.6, respectively. In addition, those of Au-Cd and Au-Zn are both 0.48; therefore, these alloys could be classified as motif III. Moreover, the valence ratios of motifs XI and XIII are 0.6 and 1, respectively, whereas the ratio of Ti-Ni is 0.4. Ti-Ni could then be classified as motif XI.
In conclusion, Table 4 shows the relationship between the interatomic bonding models Table 4 Bonding pattern, unique motif, and point group of martensite for the shape and SMBAs with the bonding pattern, unique motif, point group at the martensite phase, and so on. Although the authors realized that this model presented in this paper is too simple, the results reveal the potential motif, i.e., the symmetry, for the electron population distribution of each element in an SMBA that could be compared with ab initio calculations.
Conclusions
This study presents a simple interatomic bonding model for disordered A2 and B2 crystal structures. The model consists of an atom-like sphere and eight polar bars attached to its surface. All bars have polarity, and a bar with a certain polarity can only attract a bar with the opposite polarity. Each bar is oriented from the surface of the sphere to a vertex of a cube, of which the sphere is placed in the center. A motif was defined as the combination of polarities on the eight bars at a sphere. The total number of motifs is 256, although a number of them are identical (i.e., superpose upon each other by rotation and/or inversion). Only 13 motifs were found as unique by point symmetrical operations and classified in terms of the point groups. In addition, an A2-like crystal structure was formed by connecting the bars between models and filling the space. Four bonding patterns were found for configuring the space of models with unique motifs according to symmetrical operations between the motifs of the center and neighbor atoms. Each crystal structure includes several kinds of the point symmetry. Each SMBA can then be connected to the motifs on the atomic model via the crystal structure and point symmetry. The results reveal the potential structure of the electron population distribution for each element in an SMBA that could be compared with ab initio calculations. This work has been supported by KAKENHI 22560091.
